A polygalacturonide purified from a tomato leaf pectic polysaccharide that induces the systemic synthesis of proteinase inhibitors in tomato plants enhances the phosphorylation of specific proteins in plasma membrane fractions isolated from tomato and potato leaves. In tomato plasma membranes, two proteins of 34 and 29 kDa show enhanced phosphorylation in response to the polyuronide. In potato plasma membranes, only a protein of 34 kDa exhibited enhanced phosphorylation due to the polyuronide. A noncarbohydrate class of proteinase inhibitor inducing factor, recently identified by workers in this laboratory, resulted in the in vitro hyperphosphorylation of a family of proteins of =27 kDa. The
phosphorylation ofspecific polypeptides in leaves in response to the same factors that induce the expression of proteinase inhibitor genes suggests that protein kinases may play an important role in the mechanism of signal transduction leading to defense gene expression.
Poly-and oligogalacturonides, derived from the pectinaceous components of plant cell walls, have been shown to induce the expression of plant defensive genes in tissues of many species from several plant families (1) (2) (3) . These uronides are thought to be early signals released from sites of insect or pathogen attack by exogenous and/or endogenous pectindegrading enzymes. It has been proposed that pectic fragments may be part of an inter-and/or intracellular signaling system that recognizes a diverse spectrum of oligosaccharide signals to activate inducible defense responses (1) (2) (3) .
In leaves of tomato, potato, and alfalfa, severe wounding induces the synthesis of proteinase inhibitor proteins in both local and distal leaf cells (4) . A putative chemical signal, the proteinase inhibitor inducing factor (PIIF), was isolated and found to be a cell wall-derived polygalacturonide (PGA) with a degree of polymerization (DP) of 20 (herein called tomato leaf PGA) (5) . The mechanism of production of this biologically active PGA and its role in the systemic regulation of expression of proteinase inhibitor genes has been a major focus of this laboratory (6) .
Because the majority of plant defensive genes that are activated by poly-and oligouronides are localized responses (1-3), it has been suggested (7) that the uronide polymers may not move systemically through the plant to regulate the expression of distal defensive genes. For this reason, a systematically mobile signal molecule has been sought to account for the systemic induction of proteinase inhibitor genes. Such a candidate substance has recently been identified and partially purified from tomato leaves (unpublished data). This heat-stable substance is not carbohydrate in nature and is at least 2 orders of magnitude (by weight) more potent than tomato leaf PGA in inducing proteinase inhibitor protein synthesis in excised tomato leaves. This factor has been tentatively called "super-PIIF" (SP). Herein we report that both tomato leaf PGA and SP preparations induce the phosphorylation of specific polypeptides in the plasma membranes of both tomato and potato. It is proposed that the phosphorylation of specific membrane polypeptides may be part of a general mechanism for poly-and oligosaccharide signaling of inducible plant defensive genes.
MATERIALS AND METHODS
Isolation of Tomato and Potato Plasma Membranes. The isolation of plasma membrane from the leaves of 14-day-old tomato plants was based on the method of Yoshida et al. (8) except that the two-phase system was generated from the following mixture: 3.15 g of dextran (480 kDa; Sigma D-5251) and 3.15 g of polyethylene glycol ("'3350 Da; Sigma P-3640) were added to 44 ml of potassium phosphate buffer (10 mM, pH 7.6) containing 0.5 M sorbitol and 50 mM NaCl. After phase partitioning and pelleting, the plasma membrane was resuspended in potassium phosphate (10 mM)-buffered sorbitol (0.5 M, pH 7.6), then adjusted to 1 ,ug of protein per ,.l, and immediately aliquoted and frozen for storage at -800C. Characterization of the plasma membrane included marker enzyme assays, turbidimetric assay, screening with monoclonal antibodies, and electron microscopy. Characterization of the plasma membranes as well as the development of the phosphorylation assay will be reported elsewhere (unpublished data).
Preparation of Stress Signal Molecules. The pectic polysaccharide-derived tomato leaf PGA used in these experiments was isolated by the method of Bishop et al. (5) . This fraction, which is a poly(a-1, 4-D-galacturonic acid) with an average DP of 20 (5), was used in all experiments reported here. Tomato leaf PGA and a-D-galacturonic acid were dissolved in phosphorylation buffer and titrated to pH 6.5 with KOH prior to addition to the phosphorylation assay. SP was purified from tomato leaves by a method involving ionexchange chromatography followed by preparative HPLC as will be described in detail elsewhere (unpublished data). SP used in the phosphorylation experiments was dissolved in water. All SP preparations used in these experiments contained no detectable carbohydrate.
Proteinase Inhibitor Inducing Activities of Tomato Leaf PGA and SP. The biological activities of tomato leaf PGA and SP were assayed by briefly supplying solutions [in 10 mM sodium phosphate (pH 6.5)] to the cut petioles of 14-day-old tomato plants and then incubating the plants in closed Plexiglas chambers under constant light (1000 lx) for 24 hr and assaying the leaves for the presence of proteinase inhibitor I or II by radial immunodiffusion (9, 10) . The inducing activity ofthe partially pure SP preparation, based on dry weight, was -100 times higher than tomato leaf PGA in these assays.
Abbreviations: PIIF, proteinase inhibitor inducing factor; SP, super-PIIF; DP, degree of polymerization; PGA, polygalacturonide. *To whom reprint requests should be addressed.
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In Vitro Phosphorylation and Electrophoresis. Phosphorylation reactions were carried out in screw-cap Eppendorf tubes. Plasma membrane aliquots were thawed and diluted into phosphorylation buffer [20 mM Mes (pH 6.5) containing 5 mM 2-mercaptoethanol, 10% (vol/vol) glycerol, 5 mM MgCl26H2O, 1 mM MnSO4-H2O, 0.1 mM CaCl2-2H2O, and 0.4% (wt/vol) detergent octaethylene glycoldodecyl ether (Calbiochem)]. To each Eppendorf tube was added 12 pj of phosphorylation buffer containing 1 ,ug of membrane protein and 1-3 1.l of either various concentrations of stress signal molecules or their solvents (as controls). The mixture was briefly mixed in a Vortex and placed on ice. The reaction was initiated by the addition of 1 Al of [_y-32P]ATP (NEN; 1600-4000 Ci/mmol; 1 Ci = 37 GBq) to a concentration of 55 nM followed by gentle Vortex mixing for 5 sec and incubation for 5 or 10 min at 30'C. The reaction was terminated by the addition of 12 ,ul of NaDodSO4 sample buffer [containing 15% glycerol, 5% 2-mercaptoethanol, 2.3% NaDodSO4, 0.001% bromophenol blue in 62.5 mM Tris HCl (pH 6.8)] and immediately boiling for 2.5 min. Aliquots of this solution were separated by NaDodSO4/10% polyacrylamide gel electrophoresis. Gels were stained with Coomassie blue (to visualize markers), destained, dried, and exposed to Kodak X-AR film.
RESULTS AND DISCUSSION
Tomato Leaf PGA Enhanced the Phosphorylation of Specific Membrane Proteins. Inclusion of tomato leaf PGA in the in vitro phosphorylation assay with tomato plasma membrane and [y-32P]ATP resulted in the enhanced phosphorylation of two specific polypeptides, designated pp34 and pp29 (Fig. 1) . These phosphoproteins were visible in assay mixtures incubated in the absence of tomato leaf PGA, but their phosphorylation was clearly enhanced during a 10-min incubation time by the presence of the oligouronide (Fig. 1) . A time course of tomato plasma membrane phosphorylation (Fig. 1) showed that neither pp29 nor pp34, nor other phosphoproteins, was transiently phosphorylated as had been sometimes observed in other plant systems (11) pp34 and pp29 was enhanced by increasing the concentrations of the polygalacturonate in the assays up to 1 ,ug per assay mixture. At higher concentrations, however, the phosphorylations of these two proteins were specifically suppressed (Fig. 2) . The most effective stimulation of incorporation of 32P into these proteins occurred at a tomato leaf PGA/protein ratio of =0.1:1 (,ug/,ug). In experiments in which a-D-galacturonic acid was substituted for tomato leaf PGA (Fig. 2) , the monomer was ineffective in promoting the phosphorylation of pp34 and pp29. The monomer is not an inducer of proteinase inhibitor synthesis when supplied to young tomato plants.
The enhanced phosphorylation of pp34 and pp29 as a direct consequence of the presence of the tomato leaf PGA, an inducer of proteinase inhibitor gene expression in excised tomato leaves, but not in the presence of monomeric galacturonic acid, strengthens the hypothesis that a protein kinase may be part of the signaling mechanism activated by tomato leaf PGA. Many inducible defense responses in many plant families are now known to be activated by poly-and oligogalacturonides. It is possible that the response noted here is not confined to the signaling of the proteinase inhibitor gene but may be part of a more general mechanism. Since localized defense responses have been shown to be induced by oligouronides of DP 10 and above, whereas proteinase inhibitor synthesis can be induced with smaller oligomers, further investigation ofthe relationship of oligomer DP length to the enhancement ofprotein phosphorylation should help to resolve this question.
SP-Associated Phosphorylation of s27-kDa Polypeptides. Identical labeling experiments of plasma membranes were carried out in the presence of partially purified SP, the newly discovered noncarbohydrate inducer of proteinase inhibitor synthesis in excised tomato leaves. These experiments were performed to determine whether this inducer substance would cause the enhancement of protein phosphorylations, as observed with tomato leaf PGA. SP, based on weight, is =2 orders of magnitude more effective in inducing proteinase inhibitor synthesis in leaves of excised tomato plants than tomato leaf PGA (Fig. 3) . The phosphorylation of specific proteins did occur in the presence of SP, but, in contrast to the phosphorylation of the 34-and 29-kDa proteins enhanced by oligouronides, a broad band of -27 kDa was heavily labeled (Fig. 4) . Within 2 min in the presence of 2 ,ug of SP, the 27-kDa protein(s) had become labeled, and within 10 min it was hyperphosphorylated. The somewhat diffuse heavily labeled pp27 appeared to be composed of a family of phosphorylated proteins that migrated close to one another. The molecular mass of the hyperphosphorylated proteins on gels differed among SP preparations, sometimes appearing intensity of label. The possibility of proteolytic degradation contributing to the anomaly is under investigation.
The phosphorylation of the pp27 family was found to be saturable (data not shown), but these proteins may be derived from a component of SP rather than from the membranes.
Although the proteinase inhibitor inducing activity of SP and its associated hyperphosphorylation of specific proteins have copurified through several column chromatographic steps, a rigorous purification, identification, and characterization of specific SP components will be required to establish whether the observed hyperphosphorylation is indeed a property of the proteinase inhibitor inducing molecule(s) present in the SP preparation or is part of a separate phenomenon unrelated to the signaling mechanism that results in the expression of proteinase inhibitor genes. If hyperphosphorylation of proteins is not related to defensive gene signaling, then we have inadvertently found a substance with very powerful interaction with a protein kinase(s) that would deserve further investigation of its possible physiological role in plants.
Tomato Leaf PGA Enhancement of Phosphorylation of Potato and French Bean Plasma Membrane Proteins. Tomato leaf PGA was also found to enhance the phosphorylation of membrane proteins from plant species other than tomato. Plasma membranes prepared from potato leaves by the same method used for tomato membranes also responded to tomato leaf PGA by exhibiting an enhanced protein phosphorylation (Fig. 5) 
